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ABSTRACT
The Virgo Environmental Survey Tracing Ionised Gas Emission (VESTIGE) is a blind narrow-band Hα+[NII] imaging survey of the
Virgo cluster carried out with MegaCam at the Canada-French-Hawaii telescope (CFHT). We use a new set of data extracted from
VESTIGE to study the impact of the hostile cluster environment on the star formation process down to the scale of HII regions (∼ 50
pc). HII regions are identified and their parameters measured using the HIIphot code on a sample of 114 late-type galaxies spanning a
wide range in morphological type (Sa-Sd, Im, BCD), stellar mass (106.5 ≤ Mstar ≤ 1011 M), and star formation activity (10−3 ≤ S FR
≤ 10 M yr−1). Owing to the exquisite average resolution of the VESTIGE data (0.65 arcsec), we detect 11302 HII regions with an Hα
luminosity L(Hα) ≥ 1037 erg s−1. We show that the typical number of HII regions in gas-stripped objects is significantly lower than
in healthy late-types of similar stellar mass. We also show that in these gas-stripped galaxies the number of HII regions significantly
drops outside the effective radius, suggesting that the quenching process occurs outside-in, in agreement with other multifrequency
observations. These new results consistently confirm that the main mechanism responsible for the decrease of the star formation
activity observed in cluster galaxies is ram pressure, allowing us to discard other milder processes such as starvation or strangulation
unable to reproduce the observed radially truncated profiles.
Key words. Galaxies: clusters: general; Galaxies: clusters: individual: Virgo; Galaxies: star formation; Galaxies: star cluster: general;
ISM: HII regions
1. Introduction
Environment plays a major role in shaping galaxy evolution.
Clusters of galaxies are mainly composed of early-type systems,
while the field is dominated by star forming spirals and irregulars
(Dressler 1980). It is also well established that late-type galax-
ies in clusters are characterised by a lower atomic gas (Cayatte
et al. 1990; Solanes et al. 2001; Gavazzi et al. 2005; Chung et
al. 2009), molecular gas (Fumagalli et al. 2009, Boselli et al.
2014a), and dust content (Cortese et al. 2010, 2012a) than sim-
ilar objects in the field. Because they lack gas in its different
phases, cluster galaxies also have reduced star formation activ-
ity (Lewis et al. 2002; Gomez et al. 2003; Gavazzi et al. 2006;
? Based on observations obtained with MegaPrime/MegaCam, a joint
project of CFHT and CEA/DAPNIA, at the Canada-French-Hawaii
Telescope (CFHT) which is operated by the National Research Council
(NRC) of Canada, the Institut National des Sciences de l’Univers of the
Centre National de la Recherche Scientifique (CNRS) of France and the
University of Hawaii.
Boselli et al. 2015, 2016). Different mechanisms have been pro-
posed to explain the relative differences in evolution between
cluster members and isolated galaxies, as reviewed in Boselli &
Gavazzi (2006, 2014). These can be divided into two main fam-
ilies: the gravitational perturbations induced on a galaxy during
its interaction with other cluster members or with the potential
well of the cluster (tidal interactions, harassment - Merritt 1983,
Byrd & Valtonen 1990, Moore et al. 1998), and the dynamical
interaction of the galactic ISM with the hot and dense intra-
cluster medium trapped within the potential well of the cluster
(ram pressure stripping, thermal evaporation, starvation - Gunn
& Gott 1972, Cowie & Songaila 1977, Larson et al. 1980). The
identification of the dominant mechanism in high density re-
gions, like clusters and groups, at different epochs is still under
debate (Dressler et al. 1997, Poggianti et al. 1999, 2017, Dressler
2004, De Lucia et al. 2012, Muzzin et al. 2014, Boselli et al.
2019a).
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These perturbing mechanisms have different effects on the
star formation activity and on the quenching process in perturbed
galaxies. For example, gravitational perturbations generally in-
duce gas infall in the nuclear regions, thus are expected to in-
crease the activity of star formation toward the nucleus and in
the turbulent regions formed during the interaction (Keel et al.
1985, Sun et al. 2007, Patton et al. 2011). On the contrary, milder
processes such as the reduced infall of freshly accreted gas all
over the disc would uniformly decrease the star formation activ-
ity at all galactocentric distances on long time-scales (& 5 Gyr,
starvation; Boselli et al. 2006). Finally, ram-pressure stripping,
responsible for an outside-in removal of the gas, would produce
truncated gaseous and star forming discs on shorter time-scales
(. 500 Myr; Vollmer et al. 2004, 2006; Boselli et al. 2006,
2016; Crowl & Kenney 2008; Gullieuszik et al. 2017; Fossati
et al. 2018). The effect of these different mechanisms on smaller
scales, those of the collapsing giant molecular clouds and of the
HII regions where stars are formed, is however totally unknown.
A few nearby perturbed galaxies have been studied in detail at
high angular resolution with HST. These works have produced
some notable results such as the discovery of compact (∼ 20
pc), young star clusters formed in the perturbed regions of the
Antennae (Whitmore et al. 1995), or the presence of filamentary
dust structures with associated star forming regions of size ∼ 100
pc produced during the stripping of the ISM in the Coma clus-
ter spirals NGC 4921 (Kenney et al. 2015) and D100 (Cramer
et al. 2019). The major limitation of these works, however, is
that they are limited to a few peculiar objects. There is, indeed,
an objective difficulty in observing with a sufficient angular res-
olution and sensitivity a statistically significant sample of clus-
ter galaxies. For instance, the Virgo cluster, which is the closest
massive cluster of galaxies (Mcluster ' 4 × 1014 M, McLaughlin
1999), is located at 16.5 Mpc (Gavazzi et al. 1999, Mei et al.
2007, Blakeslee et al. 2009); thus for the typical seeing of 2 arc-
sec of narrow-band Hα imaging data available on the net (e.g.
GOLDmine, Gavazzi et al. 2003), the linear resolution is lim-
ited to ∼ 150 pc, insufficient to resolve individual HII regions in
crowded regions such as spiral arms.
The Virgo Environmental Survey Tracing Ionised Gas
Emission (VESTIGE, Boselli et al. 2018) is a new deep blind Hα
narrow-band (NB) imaging survey of the Virgo cluster carried
out at the CFHT with MegaCam. Designed to cover the whole
Virgo cluster up to its virial radius (104 deg2), this survey is per-
fectly suited to study the effects of the environment on the star
formation process in perturbed galaxies down to scales of . 100
pc. Indeed, its blind nature secures the observation of galaxies
under the effect of any kind of perturbation, and the use of a NB
filter centred on the Hα emission line, whose emission in star
forming galaxies is largely dominated by the radiation of the HII
regions surrounding young (t ≤ 10 Myr) massive (M ≥ 8 M)
stars, is an ideal tracer of star formation (e.g. Kennicutt 1998,
Boselli et al. 2009). The depth of the survey and the extraordi-
nary high imaging quality make VESTIGE a unique instrument
for this purpose. Although the survey is ongoing, the analysis
done so far on a representative subsample of objects allows us to
make the first statistical study of the environmental quenching
process down to the scale of individual HII regions. This letter is
aimed at presenting these spectacular results. A complete analy-
sis of the full sample, including the study of the typical scaling
relations of HII regions in perturbed and unperturbed galaxies,
will be published once the survey will be completed. IFU spec-
troscopic observations, now mainly limited to unresolved star
forming complexes in the tails of stripped material (Fossati et
al. 2016, Poggianti et al. 2019), will provide a complementary
information for understanding the star formation process in per-
turbed systems.
2. Observations and data reduction
2.1. Narrow-band imaging data
The VESTIGE observations are carried out using the NB filter
MP9603 (λc = 6590 Å; ∆λ = 104 Å) which is optimised for the
Virgo cluster galaxies with a typical recessional velocity of -200
. cz . 3000 km s−1. At this redshift the filter includes the Hα line
and the [NII] doublet.1 The NB filter has a very flat transmissiv-
ity profile (T ' 92%). A detailed description of the observing
strategy and of the data reduction procedure is given in Boselli
et al. (2018). At present, the survey is ∼ 36% complete, with
the full depth (where the sensitivity is f (Hα) ∼ 4 × 10−17 erg s−1
cm −2 for point sources (5 σ)) reached in the central ∼ 16 deg2
around M87, and in four independent outer regions ∼ 1 deg2
each mapped during pilot observations. Shallower exposures are
also available in an annulus of ∼ 20 deg2 located around the cen-
tral region. This low completion rate is due to very poor weather
conditions at Mauna Kea in 2018 and 2019. The median see-
ing is 0.65 arcsec. NB imaging data are at present available for
171 spectroscopically confirmed late-type Virgo cluster mem-
bers catalogued in the Virgo Cluster Catalogue (VCC, Binggeli
et al. 1985).
2.2. HII regions identification
HII regions are identified using the HIIphot data reduction
pipeline (Thilker et al. 2000), a code specifically designed to
measure the photometric properties of HII regions from NB
imaging data. Owing to its quality this code became the refer-
ence in the literature for this kind of studies (e.g. Scoville et
al. 2001; Helmbolt et al. 2005; Azimul et al. 2011; Lee et al.
2011; Liu et al. 2013). The code runs on the Hα continuum sub-
tracted, on the Hα NB, and on the stellar-continuum images and
uses a recognition technique through an iterative growing pro-
cedure to identify single HII regions and measure their parame-
ters. The stellar continuum image is derived as in Boselli et al.
(2019b) from the r-band image using a colour correction to take
into account the dependence on the spectra shape of the emitting
sources (Spector et al. 2012). As extensively described in previ-
ous works (e.g. Pleuss et al. 2000; Bradley et al. 2006), the major
limitation of HIIphot is that of deriving accurate parameters in
crowded regions whenever the seeing is poor and the sensitivity
limited. Thanks to the excellent quality of the VESTIGE data we
can measure the photometric parameters of HII regions down to
L(Hα) ' 1036 erg s−1 and effective radii2 of r(Hα) ' 25 pc at
the typical distance of the Virgo cluster (16.5 Mpc). To avoid
possible systematic effects at these low emission levels, where
incompleteness could be important, we limit the present analysis
to the HII regions with an Hα luminosity L(Hα) ≥ 1037 erg s−1.
For these regions, the typical signal-to-noise is S/N > 100 with
no dependence on the position of the source with respect to the
galactocentric distance. Incompleteness should thus be marginal.
We recall, however, that this work is only based on a comparative
analysis of gas-rich and HI-stripped cluster galaxies, for which
1 Hereafter we refer to the Hα+[NII] band simply as Hα, unless oth-
erwise stated.
2 r(Hα) are the radii of the circles of surface equivalent to the area of
the HII regions detected by HIIphot.
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the same limiting Hα luminosity in the identification of the HII
regions is applied, further minimising systematic effects.
We run the HIIphot code on all the late-type galaxies covered
during the VESTIGE survey and showing a clumpy emission in
the continuum-subtracted Hα frame witnessing the presence of
star forming regions. To limit possible selection biases, however,
we restrict the present analysis to objects with sufficiently deep
imaging data, i.e. with at least four independent exposures (40
minutes of integration in the NB). We also avoid highly inclined
galaxies (axis ratio b/a < 0.35) where projection effects or a
strong attenuation could induce systematic effects in the deter-
mination of the physical parameters of the HII regions. These
galaxies span a wide range in morphological type (Sa-Sd, Im,
BCD), stellar mass (106.5 ≤ Mstar ≤ 1011 M), with a dominance
of dwarf systems (62% with Mstar ≤ 109 M, 10% with Mstar >
1010 M), and star formation rate (10−3 ≤ S FR ≤ 10 M yr−1).
To avoid any possible contamination from background line emit-
ters ([OII], [OIII], Hβ), the extraction of HII regions is limited
within the optical disc of the galaxy.
To identify objects which have been stripped of their gas in
the hostile cluster environment we use the HI-deficiency param-
eter, defined as the difference in logarithmic scale between the
expected and the observed HI mass of a galaxy of a given an-
gular size and morphological type (Haynes & Giovanelli 1984).
Being the baryonic component least bound to the gravitational
potential well of the galaxy, the atomic gas is easily removed
in any kind of interaction (Boselli & Gavazzi 2006). As de-
fined, the HI-deficiency parameter is a normalised entity and
can be used to quantify the degree of stripping that a galaxy is
suffering in the hostile cluster environment. Indeed, the mean
HI-deficiency of Virgo cluster members is known to increase
towards the inner regions of the cluster (Cayatte et al. 1990,
Solanes et al. 2001, Chung et al. 2009, Gavazzi et al. 2013,
Boselli et al. 2014b). Consistently with Boselli et al. (2014b),
the HI-deficiency of these VCC galaxies has been derived using
the HI data available in the GOLDmine database (Gavazzi et al.
2003) using the morphology-dependent calibrations of Boselli
& Gavazzi (2009). To have a similar number of normal (gas-
rich) and stripped (gas-poor) objects we adopt HI − de f =0.5
as threshold in the HI-deficiency parameter. This relatively high
threshold is indicative of galaxies with a quite low gas content
given that the typical dispersion of the HI-deficiency parameter
in isolated galaxies is just 0.3. According to these criteria, the
total number of galaxies analysed in this work is 114 with 11302
HII regions, divided into 49 gas-rich and 65 gas-deficient objects
with 7644 and 3658 HII regions each. Consistent with Boselli et
al. (2014b), stellar masses are derived using the Zibetti et al.
(2009) g − i colour-dependent relation and a Chabrier IMF, with
g and i magnitudes and r-band effective radii taken from Cortese
et al. (2012b) when available, otherwise from the EVCC (Kim
et al. 2014). Distances for galaxies belonging to the different
Virgo cluster subgroups are all taken from Gavazzi et al. (1999),
but Virgo cluster A which is assumed at 16.5 Mpc. NB imag-
ing fluxes are corrected for [NII] contamination using the mean
values derived from drift scan spectroscopy whenever available
(Boselli et al. 2015, Gavazzi et al. 2004, in order of priority),
otherwise estimated from the mean [NII]/Hα vs. Mstar scaling
relation given in Boselli et al. (2009).
3. Analysis
Figure 1 shows the relationship between the number of HII re-
gions of luminosity L(Hα) > 1037 erg s−1 and the stellar mass of
galaxies. Galaxies are divided into gas-rich objects (blue sym-
Fig. 1. Upper panel: relationship between the number of HII re-
gions of luminosity L(Hα) > 1037 erg s−1 and the stellar mass
of galaxies. Blue symbols indicate gas-rich systems (HI−de f ≤
0.5), red symbols HI-stripped galaxies (HI − de f > 0.5). Empty
symbols are for bulge-dominated Sa-Sab galaxies. The dashed
blue and red lines give the bisector fits for gas-normal and gas-
stripped systems. Lower panel: relationship between the resid-
ual of the above relation derived for HI-rich galaxies and the
HI-deficiency parameter. Symbols are colour-coded in ranges
of stellar mass: Mstar > 109.5 M - dark green, 108 < Mstar ≤
109.5 M - magenta, 106.5 < Mstar ≤ 108 M - cyan. Dots are for
HI-detected galaxies, triangles for HI-undetected objects (lower
limits in the HI-deficiency parameter). ρs is the Spearman corre-
lation coefficient.
bols) and gas-poor, stripped systems (red symbols) according to
their HI-deficiency parameter. Figure 1 shows that, in systems
with a normal gas content (HI−de f ≤ 0.5), the number of HII re-
gions of luminosity L(Hα) > 1037 erg s−1 increases from N(HII)
. 10 in galaxies of stellar mass Mstar ' 107 M to N(HII) ' 103
in spirals of Mstar ' 1010 M. A flatter relation is followed by
HI-poor galaxies, which have a similar number of HII regions
compared to gas-rich systems at low stellar masses but a sig-
nificantly lower number of star forming regions at Mstar ' 1010
M (N(HII) . 102). The difference in the number of HII regions
is even more pronounced in bulge-dominated Sa-Sab systems3.
The lower panel of Fig. 1 clearly shows that the residual of this
relation (∆(y) ) is tightly correlated with the HI-deficiency pa-
rameter in particular in massive and intermediate mass systems
(Mstar & 108 M), thus suggesting that for a given stellar mass
the number of star forming regions decreases with the decrease
of the atomic gas content.
Figure 2 shows the relationship between the ratio of the num-
ber of HII regions of luminosity L(Hα) > 1037 erg s−1 located
within and outside the r-band effective radius but over the stellar
disc of the galaxy, and the HI-deficiency parameter. To reduce
3 These morphological types are lacking in the HI-rich sample. We
do not expect that this selection effect can bias the previous conclusion
since the calibration of the HI-deficiency parameter has been done sep-
arately for each morphological class.
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Fig. 2. Relationship between the ratio of the number of HII re-
gions of luminosity L(Hα) > 1037 erg s−1 (for those galaxies
with at least 20 HII regions) located within and outside the r-
band effective radius and the HI-deficiency parameter. Triangles
are lower limits in the HI-deficiency parameter (when pointing
to the right) or in the N(HII)in/N(HII)out (when pointing to the
top), these last indicating those objects where HII regions have
been detected only within the r-band effective radius (N(HII)out
= 0). Symbols are colour-coded as in Fig. 1.
the effects of the low number statistics, this plot is limited to
those galaxies having at least 20 HII regions brighter than L(Hα)
> 1037 erg s−1 (56 objects). Again there is a statistically sig-
nificant trend between the two variables (Spearman correlation
coefficient ρs = 0.60, corresponding to a p-value of 1.3 × 10−5
for the alternative hypothesis of no correlation) indicating that in
HI-deficient galaxies the number of HII regions is significantly
reduced in the outer galaxy disc with respect to unperturbed sys-
tems. The trend is even clearer if bulge-dominated galaxies (Sa-
Sab), where the star formation activity might be reduced in the
inner regions by the presence of the bulge, are removed. Figure
2 being in logarithmic scale, in HI-deficient objects the number
of HII regions in the outer disc drops by a factor of ' 10 with
respect to that in the inner disc.
Figure 3 shows the radial distribution of the number of HII
regions in units of effective radii for galaxies in different bins of
stellar mass. Figure 3 again indicates that the total number of HII
regions is systematically lower in HI-stripped than in HI-normal
galaxies, in particular in high-mass systems (Mstar > 109.5 M),
and this despite the number of HI-deficient objects (20) is signif-
icantly higher than that of HI-normal galaxies (6). It also shows
that, in massive objects, the radial distribution of HII regions de-
creases more rapidly in HI-deficient than in HI-normal systems.
A milder trend is also seen in the intermediate mass range, where
several HII regions are present at galactocentric distances r/re f f
& 6 only in HI-normal galaxies, while nothing clear is seen in
the low-mass range.
4. Discussion
The present set of data allows us to measure for the first time
ever the properties of HII regions located within the stellar disc
of a statistically significant sample of cluster galaxies. The anal-
ysis of this unique set of data shows that the number of HII re-
gions is significantly reduced (more than a factor of ten) in gas-
stripped galaxies, and that this occurs preferentially in the outer
disc thus indicating an outside-in quenching of the star forma-
tion activity of cluster objects. This decrease can hardly be due
to the growing importance of the bulge or the presence of bars,
which might affect only the star formation activity in the inner
regions (Kennicutt et al. 1994, Gavazzi et al. 2015, Consolandi
et al. 2017). If overall this result is expected given the physical
link between gas content and star formation, it is worth notic-
ing that a tight relation between star formation and gas column
density (Schmidt law) is observed mainly when the molecular
gas phase is considered (e.g. Bigiel et al. 2008). Furthermore,
the HI-deficiency parameter is tightly related to the size of the
HI and H2 discs (Vollmer et al. 2001, Boselli et al. 2014a). This
global indicator is thus very sensitive to the presence of gas in
the outer disc where star formation does not necessarily occur.
In other words, the column density of the molecular gas in the
inner regions, where star formation takes place, must be some-
how related to the total amount of atomic gas available on the HI
disc (e.g. Boselli et al. 2001), which in field galaxies generally
extends up to ∼ 1.8 times the stellar disc (Cayatte et al. 1994).
This new result is consistent with what is observed using in-
tegrated quantities (e.g. HI-deficient galaxies located below the
main sequence relation, Boselli et al. 2015; HI-deficient galax-
ies mainly located in the green valley, Boselli et al. 2014a,b; de-
crease of the specific star formation rate in HI-deficient galaxies,
Gavazzi et al. 2013) and with the morphological analysis of the
star forming discs of Virgo cluster galaxies (presence of trun-
cated Hα and UV discs in HI-deficient galaxies, Koopmann &
Kenney 1998, Koopmann et al. 2001, Fossati et al. 2012, Boselli
et al. 2015, Cortese et al. 2012b; outside-in quenching of the
star formation activity, Boselli et al. 2006, Fossati et al. 2018).
Compared to these previous studies, the present analysis clearly
demonstrates that the reduced star formation activity is related
to a reduced number of HII regions in gas-stripped objects, and
thus that the perturbing mechanism acts down to scales . 100
pc, which is the typical scale of giant molecular clouds. The re-
duced number of HII regions in HI-deficient galaxies primarily
occurring in their outer disc is a further indication that the main
quenching process is ram pressure stripping. This mechanism re-
moves the gas necessary to feed star formation outside-in, pro-
ducing truncated gas discs. Truncated discs are indeed observed
in the different components of the ISM that are well resolved at
all frequencies in many Virgo cluster galaxies (HI: Cayatte et al.
1990; Chung et al. 2009; H2: Fumagalli et al. 2009, Boselli et
al. 2014a; dust: Cortese et al. 2010). The lack of gas in the outer
regions thus prevents the formation of new stars. It also rules out
milder mechanisms such as starvation or strangulation, where
the cessation of gas infall would induce a similar quenching of
the star formation activity at all galactocentric distances (Boselli
et al. 2006).
The different behaviour in Fig. 3 of dwarfs (Mstar . 108 M)
vs. massive systems might be ascribed to a joint effect of poor
number statistics (30/32 galaxies in this mass range have less
than 20 HII regions) and to an inaccurate calibration of the HI-
deficiency parameter in the undersampled dwarf galaxy popu-
lation with HI data in the field (Boselli & Gavazzi 2009) and
where the very irregular nature of the galaxies define highly
scattered scaling relations. It could also result, however, from
the fact that the typical time-scale for gas stripping and quench-
ing of the star formation activity (' 100 Myr), is significantly
longer than the life of individual HII regions (. 10 Myr) only
in massive systems, while it is comparable in dwarfs where the
gas loosely bound to the shallow potential well of the galaxy is
rapidly stripped transforming star-forming systems into quies-
cent dwarf ellipticals (Boselli et al. 2008).
5. Conclusions
The exceptional quality of the VESTIGE survey in terms of an-
gular resolution and sensitivity allow us to attempt the first sta-
tistical study on the effects of the environment on the star forma-
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Fig. 3. Radial distribution of the number of HII regions of luminosity L(Hα) > 1037 erg s−1 in units of effective radii for massive
(Mstar > 109.5 M - left panel), intermediate (108 < Mstar ≤ 109.5 M - middle panel), and low mass galaxies (106.5 < Mstar ≤ 108 M
- right panel). The blue and red values give the numbers of HII regions used to construct the histograms for HI-normal (HI − de f ≤
0.5) and HI-deficient galaxies (HI − de f > 0.5), respectively.
tion process on cluster galaxies down to the scale of individual
HII regions. Using the HIIphot code we detect 11302 HII re-
gions of luminosity L(Hα) > 1037 erg s−1 on a sample of 114
late-type galaxies observed so far in the Virgo cluster. We derive
the typical scaling relation between the number of HII regions
and the stellar mass of the sample galaxies, and we show that
those objects stripped of their gas during the interaction with
the hostile cluster environment have on average a lower num-
ber of HII regions than gas rich systems of similar stellar mass.
We also show that in HI-stripped galaxies the number of HII re-
gions is mainly reduced with respect to that of HI-rich systems in
the outer discs. These results, consistently with previous results
based on the multifrequency analysis of large samples of galax-
ies or dedicated studies of representative objects, indicate that
in a cluster as massive as Virgo the dominant perturbing mech-
anism responsible for the quenching of the star formation activ-
ity is ram pressure stripping. This promising result once again
stresses the uniqueness of complete deep surveys of nearby tar-
gets for the study of the different mechanisms shaping galaxy
evolution.
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